The ability of the focal adhesion kinase (FAK) to integrate signals from extracellular matrix and growth factor receptors requires the integrity of Tyr397, a major autophosphorylation site that mediates the SH2-dependent binding of Src-family kinases. However, the precise roles played by FAK in specific Src-induced pathways, especially as they relate to oncogenic transformation, 
INTRODUCTION

Signals mediated through the interaction of integrins with extracellular matrix (ECM)
proteins, such as fibronectin, control many significant facets of cell morphology, motility, survival, proliferation and differentiation (reviewed in [1] [2] [3] . The focal adhesion kinase, FAK, is involved intimately in mediating integrin-induced signaling and cytoskeletal pathways through its intrinsic tyrosine kinase activity and through multiple docking functions that recruit signaling and cytoskeletal proteins to sites of activation (reviewed in (4, 5) ). For example, integrin clustering leads to the autophosphorylation of FAK at Tyr 397 , producing a common docking site for the SH2
domains of Src-family tyrosine kinases, the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K), and the Shc adaptor protein. Binding by Src activates its own kinase domain, which subsequently phosphorylates FAK at multiple sites, leading to enhanced FAK kinase activity (6, 7) and the creation of additional SH2-dependent docking sit es (8) . Other FAK docking sites bind Crkassociated substrate (p130
CAS
MATERIALS and METHODS
Cell lines. FAK+/+ and FAK-/-MEF from p53-/-genetic backgrounds (gift of T.
Yamamoto and S. Aizawa, University of Tokyo) and φNX ecotropic packaging cells (gift of G.
Nolan) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (fBS).
Generation of temperature -sensitive v-Src expressing clones.
A BamHI/EcoRI fragment from pBluescript/ts72v-Src (37) encoding a temperature sensitive v-Src gene from Rous sarcoma virus strain NY72 (38) was inserted into the retroviral vector pBABE/puro (39) . Replicationdefective virus was harvested 48 hours following transfection of φNX ecotropic packaging cells and 48 h following infection the cultures were split 1:10 into media containing 2 µg ml -1 puromycin for colony formation at 35°C (PT). Clones were selected after growth under soft agar that were morphologically transformed at the PT but untransformed after 1-3 days of growth at 39.5°C (NPT).
For FAK reexpression, a BamHI fragment from pSR"-FAK (gift of K. Maruyama) containing the mouse FAK cDNA was inserted into the retroviral vector pBABE/hygro (39) .
Viruses transducing the empty vector or FAK were produced as described above and used to infect FAK-/-[ts72v-Src] MEFs at the PT. Clones of FAK reexpressing MEFs were obtained after 2 weeks of hygromycin (300 µg ml -1 ) selection.
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RIPA buffer (10 mM Tris-HCl pH 7.4, 5 mM EDTA, 8% glycerol, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl) with inhibitors (1 mM PMSF, 1 mM sodium orthovanadate, 10 mM NaF, 5 mM sodium pyrophosphate, and 2 mg ml methylcellulose (Sigma) and allowed to incubate in petri dishes for 24-48 h. Cells were collected by centrifugation, washed with cold PBS and lysed as described above.
Stimulation with fibronectin.
Cell stimulation with fibronectin was performed as described previously (43) with the following modifications: cells were serum starved for 18 h in DMEM containing 0.5% FBS and harvested by limited trypsin-EDTA treatment (0.05% trypsin and 2 mM EDTA in PBS). Trypsin was inactivated in DMEM containing 0.5 mg ml -1 soybean trypsin inhibitor (Boehringer Mannheim/Roche, Indianapolis, IN) and 0.5% BSA (Sigma), and cells were collected by centrifugation, resuspended in 0.5% fBS-containing DMEM and kept in suspension for 1 h at the PT (10 5 cells ml -1 ) prior to replating onto fibronectin-or poly-L-lysine-precoated 10-cm dishes (10 µg ml -1 fibronectin or 100 µg ml -1 poly-L-lysine in PBS, incubated overnight at 4°C). 10 6 cells were seeded onto the precoated dishes and allowed to attach for 1 hour at the PT. Attached cells and cells in suspension were lysed as described above.
Immunofluorescence. Cells grown on 22 mm 2 coverslips were fixed in 60% acetone/3.7%
formaldehyde at -20°C for 20 min or for v-Src analysis, in 3.7% formaldehyde at 4°C for 15 min followed by permeabilization with 0.5% Triton X-100 at room temperature, as described previously (43) . Cells were incubated with the following primary antibodies: anti-v-Src MAb EC10 (1:100), Ts72v-Src rescues cell motility in the absence of FAK. FAK-/-MEF are deficient in several parameters of cell motility, especially when assayed over the short-term (<12h) (51) .
Recent studies correlate this deficiency with cell polarity defects tied to overactivation of the Rho
GTPase pathway (52, 53) . We compared the motility of the FAK+/+ and FAK-/-[ts72v-Src] clones under several conditions including linear motility, haptotactic motility toward extra cellular matrix (fibronectin) or polarized motility into a monolayer wound. FAK has been shown to be critical for these forms of motility, and in the case of directionally linear motility, PI3K and CAS have been shown to be critical mediators (54) . Table 1 The integrin-dependent tyrosine phosphorylation of paxillin was significantly higher in FAK-/-compared to FAK+/+ parental cells (Fig. 4B ), indicating that FAK normally attenuates the integrin-mediated activation of paxillin kinases (e.g.-Src family kinases). In contrast, activation of v-Src in the absence of FAK only increased integrin-independent paxillin phosphorylation; in the presence of FAK, active v -Src seems to induce phosphorylation of paxillin at multiple sites resulting in a slower mobility isoform (Fig. 4B, arrow) . These results suggest negative regulatory roles for FAK in the phosphorylation of CAS and paxillin, and positive roles in the establishment of cell polarity and motility, and in actin-based cytoskeletal organization.
FAK attenuates v -Src -induced anchorage-independent growth. V -Src-induced oncogenic transformation leads to anchorage-, contact-and growth factor-independent proliferation.
In high serum conditions (10%), we observed no differences at the PT between the FAK+/+ and FAK-/-[ts72v-Src] clones in regards to contact-independence, saturation densities (not shown) and proliferation rates (Fig. 5A) . Importantly, the growth properties of these clones at the NPT 5D ) and/or activation levels (not shown) of v-Src.
Consistent with a possible negative role for FAK, previous studies (57, 58) showed that activation of v -Src results in FAK degradation through calpain-mediated proteolysis, a process thought to facilitate transformation-associated focal adhesion turnover. Fig. 5E shows that activation of ts72v-Src resulted in the rapid downregulation of FAK levels, a phenomenon that may explain our inability to maintain high ectopic FAK reexpression levels in Fig. 5C .
FAK-/-[ts72v-Src] clones also proliferated 2-fold faster ( phosphorylation levels. These enhanced levels were unaffected by serum growth conditions (10% vs. 0% CS) or by growth in adhesive versus anchorage-independent conditions, the latter recapitulated by growth in methylcellulose ("10% on plate" vs. "10% MC"). Moreover, the reexpression of FAK in FAK-/-[ts72v-Src] cells, shown in Fig. 5C to diminish enhanced anchorageindependent growth, did not alter Pyk2 protein or tyrosine phosphorylation levels (Fig. 6C ).
To address directly whether increased Pyk2 expression is sufficient mediate increase colonyforming efficiency, FAK+/+[ts72v-Src] cells were transiently transfected with a vector expressing Myc-tagged Pyk2 (or empty vector) plus vectors expressing enhanced Green Fluorescent Protein (GFP) and a hygromycin-resistence cassette (pBABE/hygro). Transfectants were isolated by FACS ® and then assayed for Pyk2 ectopic expression (Fig. 7A) , colony forming ability, plating efficiency (after selection on hygromycin) and doubling time (proliferation rate). Fig. 7C shows that increased Pyk2 levels failed to induce higher colony-forming frequencies. Indeed, higher Pyk2 levels reduced efficiencies for both plating and anchorage-independence, but not for proliferation, suggesting initial toxic effects by Pyk2 on cell survival or adhesion. Interestingly, the toxic effect of Pyk2 overexpression is likely due to FAK displacement because Pyk2 overexpression in FAK-/-[ts72v-Src] cells did not alter colony-forming efficiencies (Fig. 7C) . These data indicate that Pyk2 overexpression is not sufficient for enhanced Src-induced anchorage-independence.
To determine whether the increased Pyk2 levels in FAK-/-MEF played any role in (Fig. 7B) , no significant change in colonyforming frequency, proliferation rate (Fig. 7C ) or attachment efficiency (data not shown) was noted.
However, plating of these transfectants showed that loss of Pyk2 correlated with increased cell flattening as well as increased formation of cellular protrusions (Fig. 7D) . Taken together, these data indicate no major role for Pyk2 in the enhanced anchorage-independent growth induced by vSrc in the absence of FAK.
DISCUSSION
We provide evidence that FAK is not necessary for many parameters of morphological transformation of p53-/-mouse fibroblasts by v -Src, and moreover, tha t several parametersanchorage-independent growth and wound healing motility-are enhanced in the absence of FAK. Although fewer v-Src-induced soft agar colonies grew after FAK reexpression in their system, they could not rule out that this was caused by the ability of the tet transactivator, tTA, to inhibit proliferation. Therefore, the current study provides the first evidence suggesting that FAK may downmodulate some parameters of oncogenic transformation.
Our results show that v-Src can overcome the innate immotility of FAK-/-cells. It should be stressed that in our hands, FAK-/-cells show defective motility in short-term assays (<3 h), whereas in longer term assays (>18 h), these cells exhibit relatively normal motility, indicating that FAK is not required for motility per se but that it may play a role in efficient coordination of early motility mechanisms. The parameters of motility we studied-linear directional motility, haptotaxis, monolayer wound healing and Matrigel ® invasiveness-are known to be influenced by FAK, and in the case of linear directional motility, by PI3K, FAK and CAS (54) . In the all these assay systems, Our inability to forcibly reexpress FAK to more than 20% of endogenous levels parallels previously reported attempts by others (7, 17) and suggests some permanent refractility on the part of the FAK-/-MEF, possibly due to small increases in endogenous Pyk2 levels (10). However, stable FAK reexpression in our clones did not affect anchorage-dependent proliferation rates compared to parental FAK-/-[ts72v-Src] cells. This contrasts with a previous report (17) in which higher levels of FAK reexpression (50-75% of endogenous levels versus 20% in our case) slowed proliferation slightly. However, this finding is in conflict with recent data showing that overexpression of FAK in 3T3 cells increases G16S progression (63) .
Based on evidence that Pyk2 overexpression in fibroblasts can affect actin-based cytoskeletal architecture and cell motility (12, (14) (15) (16) , and given that Pyk2 levels are induced 2-to 3-fold in FAK-/-MEF (10, 12, 13, 25) , it is possible that Pyk2 may be responsible for some of the by integrins was shown to be FAK-independent inasmuch as FRNK failed to block this pathway (72) , and in agreement, integrin engagement by FAK-/-cells led to normal ERK2 activation levels (10) . Similarly, the relative inability of FAK-/-MEF to migrate in response to PDGF (51) correlates with the inhibition of EGF-or PDGF-induced migration by FRNK in several FAK+/+ cell types (51, 70, 73) . In a recent paper ( Magnifications: a-f (100x); g-n (1000x). 
